ABSTRACT
INTRODUCTION
Couscous. Sorghum flour (20 g) was mixed with 12 ml water and agglomerated by hand.
The agglomerated mixture was rubbed through a 1.4 mm sieve and then steam cooked for 10 min. The mixture was broken into particles and steam cooked for another 10 min. A further 5 ml water was added and the particles further agglomerated before passing through a 2.36 mm sieve. The resulting couscous was then steamed for 20 min.
All products were freeze-dried and milled to pass through a 500 μm opening sieve before analysis. Total protein, protein digestibility and total lysine was determined on all samples.
Tannin content was determined on raw and fermented flour, uji, ugali, tô and couscous.
Reactive lysine was determined on raw and fermented flour, uji, ugali and couscous.
Total protein was determined by a Dumas combustion method (19).
Tannin content. The Vanillin HCl assay of Price et al. (20) was used to determine tannin content using 1% conc. HCl in methanol as extractant. Sample extract blanks (extract incubated without vanillin reagent) were used to compensate for colored samples, when colour was not only due to tannins. Results were expressed as catechin equivalents (CE) after blank corrections.
Lysine, reactive lysine and lysine score. Lysine content of the samples was determined after acid hydrolysis and derivatisation by ultra-performance liquid chromatography (UPLC) using the AccQ Tag method (21). An Acquity system (Waters, Milford, MA.) equipped with a 2996 photodiode array detector set at 260 nm and a BEH C 18 column at 55°C (Waters) was used for the ULPC. Sample volume was 1l and the solvent system was a gradient of two solvents AccQ Tag ultra eluent A and AccQTag ultra eluent B. Limit of quantification (LOQ) was 5.3 M for lysine.
Reactive lysine (chemically available lysine) was determined by the rapid dye-binding (RDB) lysine method (22) as modified by Kim, Kim, Ma & Chung (23) using Crocein Orange G dye (70% dye content). Two RDB measurements are required, an untreated sample (A) measuring histidine, arginine and reactive lysine and a propionic anhydride treated sample (B), which measures histidine and arginine. The difference between A and B gives a measure of reactive lysine. A solution of dye (0.0389 mM) in oxalic acid-acetic acid phosphate buffer (pH 1.25) was used to prepare a standard curve from 0-0.0389 mM at absorbency 482 nm.
The milled samples (approx. 0.5 g sample A, 0.7 g sample B) were accurately weighed into plastic centrifuge tubes and 5 ml 16% sodium acetate solution added. Propionic anhydride (0.2 ml) was added to samples B. All samples were shaken at 300 rpm on an orbital shaker (25 °C) for 15 min and then 12 ml 3.89 mM dye solution was added, before shaking for a further 2 h. After centrifuging at 3880 g for 10 min, the supernatant was diluted 1:100 with oxalic acid-acetic acid phosphate buffer and the absorbance read at 482 nm. The dye concentration remaining in the supernatant was determined using the dye standard curve. The mM basic amino acids /g sample was calculated by difference between original dye concentration and final dye concentration divided by the weight of sample. Reactive lysine was the difference between mM basic amino acids /g sample of A and B. Results were expressed mg reactive lysine per g sample.
Lysine score was calculated by dividing the mg/g lysine in the food product by 52 mg/g, the protein requirement for a 1-2 year old child (24) . This value was used to determine PDCAAS as described below. 
In vitro protein digestibility (IVPD) and

RESULTS AND DISCUSSION
Food products. All sorghum grain types could be satisfactorily processed into all of the food products (Figure 1) . Except for the reddish color due to the presence of tannins, the food products: flatbread, injera, couscous and cookies made from C1, C2, T1 and T2 were essentially identical to those made from the other sorghums types. The flatbreads from all the sorghum types were very fragile and broke into small pieces, due to the use of whole grain flour, as the bran caused discontinuities in the flatbread.
Tannins. These have a detrimental effect on the nutritional quality of sorghum foods as they bind proteins (26, 27) . It should be noted that Type II tannin sorghums as used in this study are widely used in North and West Africa for preparation of food products, for example Feterita in Sudan and FaraFara in Nigeria.
Macia, HD and USC did not contain tannins (results not shown). The tannin content of T1 and T2 and their null controls C1 and C2 varied between 1.4-1.9 g CE/100 g flour ( Table 1 ).
T1 and T2 contained substantially less tannin in the raw grain than C1 and C2. This is probably due only to natural variation and unrelated to the fact that T1 and T2 were transgenic. The tannin content of the raw grains of these sorghum types was low. All the traditional processing methods decreased the measurable tannin contents, alkali cooking (tô) decreasing it the most. This is in agreement with Dlamini, Taylor & Rooney (28), who found substantial reductions in assayable tannin contents after cooking sorghum foods. Beta et al., (29) , found 83%-100% decrease in tannin content on alkaline treatment. This was attributed to oxidation of the phenolic groups forming highly polymeric and probably nutritionally inactive compounds. Other workers have suggested decreased levels of measurable phenols, on cooking of sorghum, may be due to the reaction of phenolic hydroxyl groups with food components, such as protein, forming insoluble complexes (30). Beta et al., (29) also suggested that fermentation or just the addition of water may result in decreased extractability of the phenolic compounds, whilst Towo et al., (31) proposed that polyphenol oxidase activity caused the reduction in tannins with natural lactic acid fermentation of sorghum, with enzyme activity coming from either the cereal itself or the microorganisms of fermentation.
Lysine and reactive lysine. Total lysine for raw sorghum ranged from 1.82 to 2.69 g/100 g protein, whilst reactive lysine ranged from 2.38 to 2.97 g/100 g protein ( Table 2) . Values for reactive lysine were generally higher than the corresponding total lysine contents. This was also found by Anyango et al. (18) working with traditional sorghum food products. They suggested that higher values may be due to excess dye.
For raw sorghum, the transgenic types had the highest total lysine (T1 2.60, T2 2.69 g/100 g protein, respectively) and highest reactive lysine (T1 2.97, T2 2.85 g/100 g protein, respectively). This was probably due to compensatory synthesis of lysine-rich, non-prolamin proteins (32) . HD had a total lysine content of 2.42 g/100 g protein and reactive lysine (2.63 g/100 g protein) intermediate between T1, T2, and C1, C2 USC and Macia. C1 and C2 had generally the lowest total lysine (1.86, 1.82 g/100 g protein, respectively) and reactive lysine (2.38, 2.50 g/100 g protein respectively). Although the actual lysine values obtained in this study were lower than those reported by Henley et al. (6), the ranking of the samples were the same.
With regard to the foods, the overall mean total lysine and lysine scores for the different types of sorghums ranked in essentially the same order as for the raw grains ( Table 2 ). T2 and T1 had the highest overall total lysine and lysine score, followed by HD, and USC, Macia and C1, C2. The overall ranking for all the cultivars for reactive lysine was slightly different. T2
and T1 had the highest overall reactive lysine followed by USC, HD, C2, Macia and C1.
Reactive lysine is a measure of lysine availability in foods, which is adversely affected thermal processing (22). The difference in rankings of overall reactive lysine was probably due to differences in the amount of free lysine (more reactive lysine), in each sorghum type.
High-lysine opaque-2 maize and mutant barley cultivars have higher contents of free amino acids than normal varieties (33) .
Overall, all the foods except injera, had lower total lysine than the raw grain. Yeast was added during injera processing and so would be responsible for the higher total lysine, (18).
Overall, the cookies had the largest reduction in total lysine for all the sorghum types. The presence of sugar and high temperature during baking resulted in loss of lysine due to the Maillard reaction (34). Serrem et al. (35) found similar reduction in lysine on baking of sorghum cookies and attributed this loss to the Maillard reaction. Alkali cooked porridge and flatbread had the next greatest loss of total lysine overall. In the case of the former this was probably due to formation of lysinoalanine under alkaline conditions (36) . Reactive lysine was also generally similarly reduced as result of food processing.
Protein. The total protein content of the grains (N x 6.25) ranged from 8.6-13.1%. (Table 3) .
HD had the highest protein content (13.1%). The grain protein contents fell within the normal range for sorghum (37) . Suppression of kafirin synthesis in T1 and T2 did not result in substantial reduction in protein content. This shows that there was complementary synthesis of other proteins as described above with reference to Table 2 . For reasons unknown USC had a much lower protein content than any of the other sorghum types.
In vitro protein digestibility (IVPD) of the raw samples ranged from 72.5% to 88.4%, (Table 3) . These values are within the highly variable range of IVPD for raw sorghum quoted in the literature, for example 55.8-59.1% (38) to 88.6-93% (39) . The raw IVPD of T1 and T2 was approximately 15% higher than C1 and C2 and was the same as Macia. This was despite the fact that T1, T2 and their controls contained tannins (Table 1) , which are known to reduce sorghum protein digestibility by binding to the proteins (26, 27) . Probably with the tannin component removed, the protein digestibility of the suppressed kafirin synthesis transgenic sorghum would similar to that of other cereals, for example maize approx. 81.5% IVPD (40) . As expected, the IVPD of raw HD was high and similar but statistically lower (p<0.01) than T1, T2 and Macia.
All food processing treatments using heat decreased IVPD (Table 3) . However, the IVPD of the T1 and T2 remained higher than C1 and C2 for all the treatments. In spite of the presence of tannins in the transgenic samples, the IVPD was generally the same or higher than the other sorghums, except for Macia. This was probably due to the broad kafirin synthesis suppression which T1 and T2 had undergone and the concurrent expression of other more digestible proteins. This would be consistent with the proposal that disulfide bonding protein cross-linking at the protein body periphery, involving γ-and β-kafirin, is the major factor influencing sorghum protein digestibility (41, 9) . The reduction in kafirin synthesis in T1, T2
would presumably reduce the level of cross-linking. It appears that the suppression of the kafirins had a greater effect on IVPD than did the presences of tannins. The IPVD of HD foods was somewhat lower than that of T1, T2 and Macia. This probably due to thermally induced disulfide bonding involving gamma-kafirin, which is still present in HD type sorghums (41) .
For all the sorghum types, processing into couscous and cookies resulted in the greatest decrease in IVPD (overall means 50.3% and 41.8% respectively), due to the fact that they had undergone the most severe heat treatment (Table 3) . Fermented sorghum had the highest overall IVPD (87.1%). Cooking fermented sorghum into uji and injera, reduced the IVPD of all sorghum types, but not to the level of ugali (wet cooked). This is in agreement with the work of Taylor and Taylor (42) and Anyango et al., (18). The former workers suggested that the low pH, resulting from the lactic acid produced during fermentation, could modify the structure of the sorghum proteins rendering them more accessible to pepsin enzyme. Tô (alkali cooking) resulted in IVPD lower than raw grain but higher than wet cooking alone (ugali) and similar to that of uji (ferment and cook) for all the sorghum varieties ( Table 3) .
Various workers have found decreased IVPD on alkali cooking when compared with raw grain (43, 44) . Vivas et al (44) attributed this to increased disulfide bond formation during tô processing.
PDCAAS is a derived unit which can be used to predict the biological value of protein in a food (24) . T1 and T2 had much higher PDCAAS (0.43 and 0.46, respectively) in the raw grain than their null controls (C1, 0.26 and C2, 0.25) and all other raw sorghum types, which ranged from 0.32 for UCS to 0.38 for HD ( Table 3) .
The higher PDCAAS of T1, T2 was also generally reflected in the food products, in spite of the presence of tannins. The overall mean PDCAAS over all food products was 0.33 and 0.34 for T1 and T2 compared with 0.18 for both C1 and C2 (Table 3) . HD had slightly lower mean PDCAAS (0.31) than T1 and T2. This would be expected since HD had a slightly lower IVPD and lower lysine than T1 and T2.
Processing into couscous and cookies resulted in the lowest PDCAAS for all the sorghum types (0.18 and 0.2 respectively) when compared to the other food processing methods ( Table   3) . This is probably due to the severity of the heat treatment reducing the IVPD considerably and also the reduction in lysine due to Maillard reactions especially for the cookies (34) . 
